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LaINTRODUCTION

oil nlch l5' 19 ho, ix cjroup 0± investigators at tao Uziversity or

Southc-rn Caiitornia kbetjau work ii, ligyix.Ll com~munications under a large

* research contr.&ct troit the Army Researcix Ottice. This grant was the

outgrowth of etcrtu to combine s~vera. ,imaller grants tor

admii.trative ppses an to encourage collaboratiou oursac

pL:Oiuelia o± sign ficalx 'intexest tc, tue Army. 2AIS first block

contract was for a dura±tion of three years, enag on March 344, 1962.

Due to aolays in tne runding of a tollow-on contract, tae initial

eiadizg date was eztendfzc with "dued costs to Au~gust 31, 1902.

S The original propoall a joint effort 0± tou co-principail

invesltigators, (see section U) included ettorts in several areas or

interest, nasely £sread-zipectrum code design and sync uquisition,

zurst coma unicatilons, network synchronization. radar pulse compression

* designs, cosaunication over m0essy" channels, and certain topics in

* system theory and signal procebsing. Significant progress has been.

made in most of these areas, with virtually none of the proposed

* problems having been. touna totally intractable. Rather, our major

research difliculii's have arisen from limited resources, namely tine,

research assistaints, and computer facilities. Improvemaents in the

latter two ito&3 have been includied in the *"follow-on gran t,

DAAG-!:-.82--K-01'42, which commenced September I, 19b2.

This initiaj. ccutract and the organizaton which it imposed on the

t fculty, was one- *Liviutj force iu the tormatioa ot a CommuicArion

sciences Institute at USCO hop)efully the C61 structure will

t7



faciixtatio thu W~fiL6i~ afll aarecto at tutur rewearca *±Zxts

1h iiCoftbujlLcationg.

%krouqucut tue cdrtion ot thia contract, our reportiny oujective hak

bea to j..lsce reuedirca rebults in ta-e open litextature vaere iney w2.11

be avai.iso.le to &.L.. Accordlingly, beCtion III of this final report

conaiasts of a libtiig at papers produced under zais contract, along~

with their anstriacts.
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A. SI ECROiIZATIOE AND HULTIPLEXING IN DIGITAL COMOiICATIONS

£2quta :roa R. Gqia.di

In this task several prcbl as were exbine& in the are" of.

* sy chronizatio., tiaing, and multiplexing in digital sysLeas. The

. major etfort was ia the area of multiplexing multiple, independent

data links over 4 common quadrature channel. The study produced one

paper and is the topic of the Ph.D. axasertation of R. Anderson

presently under prejiaration. The primary aojective was to determine

the degradatiou eftect ot sending more than two data streams over a

. generalized QPSK chdnne.&. Several encoding and optimal decoding

schemes were considered aud peLtormance levela were computed in terms

of error probabiiitles and increased channel capacities.

A study of paase referencing in BPSK systems, using Costas loops

* augmented by auxAliary gain control loops, was also completed.

- . Gagliardi, and A. Anderson, 0e--Link Bultiplexing and
Demodulation lor tAe Quadrature Channel', Proc. of th
1#_tional Telecoamunications Coa£erence, bouston, Texas, Dec.
1!80. (30 copies sent with prior report)

In QPSK signaling two independent data streams are transmitted over a

single carrier channel by separately enccding each on to a quadrature

component of the carrier. In this paper we investigate the

possibility of encoding It inQePendent (naw-ayuchronizea aun unrelated

*' in data rate) bit stresou simultaneously over tue same quadrature

channel. The aultiplexing can Le viewed as the generation of a phase



i hua ul atev c ar ri.tr whijch caun kfazie sSiitt at c4uy i&ntaut iaccording to

* tue Dit sequenceL. iJeci~i c4,n be viLied as sejparate purase coaarent

dclcdiLAg ot eacht Li~t streaw, Ur CLJuivJ.6(-Iht.Ly, azi a mapping of the

* quadratuLe udvetorrms isato fl-iolci v&ectoL estiw~tes ot the bit

seq3ulnces. It Ls abowui that the entire mcduiat.on arid r-modu.lat.ion

can be cunveniently viewed in terms ot signd! vectors in 2-'diiawnsjons1

signal space, where tke dantdqeS Ui the various encoding formats is

* clearly depicted. Perturmauce results ft 4x tue case M=. are presentea.

h i. Anderson, Syniar fous_11ut-1)LXiij tor the Diital
f Rdrature Caaiel, ilissertat.Lon to be preseiate1 to the
B.lectrica! g11ginewLing bw-atisieit, Univer.i*ity ot Soutnern
Calif ornia, ral 19oz (in prepcirdtion).

* The coiAmunicatjou jirob.iem we wish to stucay is triat of a digital

communicamtion liax serviLcing aiultipie indepeudnt, asynchronous users
* oveor a sioaj3., commzon, -~adrature caannel. a quadrature canli

* one using a single carrier that caa L~e e.-ther doplitude ad/or phase

* moaulated for data transmission. Taw a-.utipie users communicate over

this common chianel by hav.Lng their data oits encoded onto the

- quadrature carrier. If tite dat.A Dits were all aligned and

syuchroaxzede communication can occur via stadl'ard block encuttiag

scnemes, suca as *ultiple-lovei-pnase snift keying or amplitude saitt

- keying, and pertormdnce of such systems is well docuimented. When thte

user data is not syrichrc~nizedi, carrier enlcoding "nfd recuivwr decoaing

*pcocedures dre no longer ouavious, &a pertrmalace cauuot oe ra.1

d etarmained from byachroious Lw.-iu.Lts.
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It Only two useis were to Do accL .-Ioaated on a quadrature cnaiiuuel,

asyacbLox&ous coi&Jhu±ICtIuh calu be attuxaeu usig quadrature phtse

shift ktwying (iP4). Tnt twO dUta ourcs can De orthogonally

sdmeurel durijig tru smIS.LQJI cdLu no eltect or either source appears

in the other Gecoder. waou, more tndn two users ace involved in d

quadrature channel, they can uo lonyer be orthogonal, ana some aegr~e

o cross-coupling occurs during mutual decking. The procedures tor

encoaiug and decodang asynchronous users must therefore be

re-examined, and suosequent pectormadce levels ausz De computed.

In this dissertaviou we will study, in geueai terms, tecaniques ot

* encoaig n ()2) indepeueiit bit streams s5muitdAzeoi-Sly over the saAe

tquadrature caaLrel. in particulaL, we are interested in the cuse

where each receiver is iiterested only in deciphering mes-ages LroA

its transmitter pair, dna each transmitter source is interested only

in cowmunicating aessages to its receiver pair. Various type of

modulation, o" signalling tecnnigues will be presented with the

ultimate objective or presentiug comprehensive pertormance

capabilities ot each technique as well as to study optizal receiver

* configurations for thew. Three critical pertormance parameters arv

utilized to assWss link performance; bit error rate (bkfi) performance

versuz the signal to noise ration, tne occupied spectrai DandwidLa an d

the statistical channel capacity.

h - . Gagliardi, "Coupled AGC--Costas Luops wit" AI/P
Conversions", IE I0ras -codi niciis, Vv. ;,8, uo. 1,
January 196G. (30 copies tent wita prior report)



!lb
Costas loops dre invariably desiqne u i conjunction with n autoatic

" gain control (iGC) loop for staDi.Liz1n partormdnce. in such systems

an innerent coupling between the AGC and Custas loops uevelops,

complicating the standard phdse referencLng analysis. This coupling

is turtner emphasizea it the gain control amplifLer iutroduces an

W Ad/PB conversion, Which causes poer variations to enter the Costas

loop as phase vaiatious. In this paper the coupling effect between

AGC and Costas loops is deve.Loped, leading to a pair ot Joing

interconnected dynaaical tracking loops. Some degree ot solution is

attainasle uy as.u.,inq a tirst order aGC loop, and resorting to

quasi-s-t tiorary anaiysis tor evaluating the phase reterencing

14 generatLioi. Results vAth nud wLthout Ad/Ps 4re- pre.-ented, and

illustrate UOW aln impLoper AGC aay in tact degrade the phase

* referencing from the expected performance&

B. OPTICAL COMMUNICATIONS

In this task prouleas aasociated wiza encoding, decoding, and pointing

methods tor future generatio" optical communication systems were

studied. Results were ootained i, the areas of encoding and decoding

of optical PPM9 statistical receiver moaeling, receiver performance,

optical beam pointing and tracting, and possible tuture applications

of laser communications.

- .G. Prati, and ft. Gagliardi, "Block kncouing andu Decouing for
the Uoticai PPF Ch~nzknel", Ik ga k. op ITq p&or t tJ _ o,
Vol. IT-2b, So. 1, Januiry 19be, pp. lu0-105. (sG copies
zenc with prior report)
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Pul.se pusition muu;dtlon (kPA) is a popular sigualing foraat its

- pulsea OptiLi. codkfiUIcatiolk linaks. PPM eitcodung is extended to

include block pu.-se encoian ovwi rultiplt= PPII tra,,es. Aaxi.um

liKelihood diicoadiu. oper"T-wos astucidtea with thLs eucoding dre

deveLoped roc botn shot-nuise lib-itea and ther.al-noise limited

optical receiver wudel. both .l oissoit) a.d avaladrche

photodetectors are Considered, and it is suoWn taat optimal block

decoders involve co b a i tiuas of linear and quadratic operations.

Error prODdbillty bounds are presented, showing tre reltatve

improvement in detectability tat hppears possible by resorting to

block encoding over wu.'tijle trames.

- R. Gagliardi and G. Prati, "On Gaassian krror ProbaDilities
in Optical Receivers", Ik.£i Trans. on Comuncations, Vol.

* COd-b, Sept. 19b0. t30 copies sent with prior report)

- The output voltaie ot an optical receiver is statistically a mixture

ranaoa variable, composed of the sum ot a discrete count variable and

* a continuous Gdussidn thermal noise variable. Based on some computer

. andlyses, it is shown here that threshold crossiug probabilities usLng

the mixture density can be reliably dpproxisated by integrations ot an
I

equivalent continuous Gaussian dcensiLty. The conditions for tais

* approximation and an accurate as5esment of its error are derived.

H . 6baliard.L, "k.rror PrcDaiitieb in Lasercoa PPLI systemso,
-Poceedings c t.e arional Telecumunj.jatlons Coat M c_ ,

1 I"s, DeceaDer I dl, pp. Bl°1U.1-ld. 2. 20 copies sent

I
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with prior report)

In la~er coamunic.arion tiasecok) systems, a popUldr signaling scheme

is the use o± pulse pos;tiou *muiudtion tEP.) to transmit digital

data. Perzorabjjce evdluation tnen aejends on tne resulting bit error

probability, as vitb any aoiitdl linx. As thLe encodin9 methods used

wit& PM Decome more complex, tne correspunding error pronDility

tormulas likewise Lecome more oifficult to evaluate. In this paper we

review and list Soae DAsic bit error prooabi.Lity equations that can be

easily evaluated or coaputea ±or lstImating expected sy item

performance. At the power levels usuaily occurring in practi.e,

photoelectron counts wxi.L be relatively hiyh (a 50) to justity the

Gaus-ian statistics useu in the computations.

- R. Gagliardi and fM. liieikh, *Pointing --rror Statistics in
Optical beam Tracking", !La Tr__gs. on Aerospace and
Electronic_ - _t ems, Vol. AkS-b, do. 6, pp. 674-682,
September, 1960. t-U copies sent wita prior report)

W:.

I n tracking optical beam4 from a source, a pointing error signal is

derived from pnotodetecting the tield in the receiver focal plane.

"* This error signal is then used in some anner to control a giaballed

system that contihualiy points the receiver uptics toward the source.

- nen tne source tield und~ergoes turbulent tr4assmissionp the optical

beam is attenuated and scattered, and the tieid is randomy defocused

at tud receiver. i. this case the pointing error or the tr.ckiung

uybtea wiAi . evolve ab u random vector process in tiue, statistically

A. iatea to ttita ruaoo scattering, the photudetection process, aud the

6..
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QyJAAIiC ot the SlIbbc1l1.1l1Y sy Stem Such vector proceses have

P jLUDdDiA.Ity unlteS tAit bdtiSty weil-kiiow& di1 tterenti4I. i~quations.

These QuiatIouS b UeLiVed ;LI terias o. accptea scatterj ]bodeL" '&"U

tracKiug sybtess, aduu.i.Ug quadraut-tyke .Lror detectors are usei in

the tocal plaue. Approximate solution are uDL41nea ana auaiyzed tor

typical oprating conditions, and the manner in waicn tne degree ot

scatterxlg aegrades tae entixe pointing operution is shown.

- h.1. Gdgliurdi, "ptical ComAunIcations ror Doep Space
bat ullatvi I siols ," LEroC_-_q th t bai Diego,
California, Aug. 19b0. (.3 copies "ut wit& prior Lepolt)

Sooe iiLtidl consiuerations are gxven foE an -arrh-orbting re.Lay

- system using optica1 data link tro* deep space and 1r links to ground.

The advantages o such a system are presented, and some prelimindry

design.concepts and modulation torzats are proposed. Tue tracking aa

pointing problem is discussed with some indLcation of capabilities and

* limitations.

The use of laser Deam or satellite communications is now being

developed as a viable system alternative. necently there has been

interest in extending the~.e optical uyatemu to deep space missions.

Although the clear weatner advantages of a terrestrial deep-space link

- are apparent, the deletorious eftect of atmosphere, weather, and

turDulIence must Le taken intuo account. These eftects combine to

in.trOduue airect attenuatiun, possible uurae times, and piace

Lestrictioani on Une minaisl values or be&m widtas and -ovinting
9i



accuracies. A S'e. tad xetains te opticl traussiusion advautdges

while avoiding th s nazaros ot wather etwfets xu the empA.oyaeut of an

optical relay syutem. here a uatellite relay, located outside te

rarths ataosphere# maintains an optical receiver tor the reception of

deep space transmissions. The optical receiver operate in

conjunction with an rF xerreatri"l link tr data return to Earth. In

this report scow preliminary desiyn considerations, perforuance

capabilities, and apparent problen areas are presented for a

nypothetical optic&L deep space-reLay system.

C. PROeRTIoS OF 2Eo302c1s WITH SPECIAL RECURSION AID
CORRELATION op10kBTIES

- S.. Goloumb, wOn the Classification oz baianced binary

Sequences of Period 2 -1", E9Tran. on- Informat3on
Theory, VOl. IT-o, No. b, Nov. 1980. ( 0 copies sent with
prior report)

Let U be the set of all binary sequences of period p2 -- 1 containing

(p+1)/2 ones and (p-1)/2 zeos per period. There is & lattice of

interesting subsets of U, the saa±Lest of which is set PH it&e

maximump-lengtn linear shift register sequeuces of period p). in

between are sets wita the run statistics 01 PH, ith tao correlation

properties of PN, with the spaa-a property" (that every nouzero

sunsequence of length a occurs iii each .period), and others. Results

concerning the interredt ionships of these subsets are nonempty. and

cunjecture. are LoLiuldted regarding otnar 1ntvrbections of sucSets.



*~~ ror exauuple, it is cQI);ecturw ti~cit adai& 6ynji sequence-' Witt. tht

* tvo-level tocLLeI&tion iL upeL ty a~ MA c I&ss Pt4.

redtu.-iji~ b.VtWO~i LUn Jrupertiesb arih cocreiatiun prAperti~ca Ot

£bindry setuences dre di.sCJ obtained.

-U. Ctaeng, I'ruictiea ot sieqIencat, kii.D. Dissertation.
Dep&rtment oL ±.1ectri.cal t~agneering, University of southern
Calitornia, Los Aftgeles, CA, D~ecember 1981. (1 copy seat
with prior report)

Tu IN30L 9Q0J. ot tUSi ritiu*LCU is tQ aeveloj more propertiLes about

Sequence,. zeeali nterestiuqy topics are discussed, whicu includie:

41) taw r'dlailhs netwtgen ru~n itijiutiuus aiua periooic uutu-

corre±iti%;ns, 2) the auto-co.rrla Lion propeties 01 sj-an efldces,

* 3)a now way to sedrch for all tau ibo-level auto-correlcition

sequences ot certain period, 4) tue cycies periods distrioutions of

* Sume noixlxnear snitt, registeis, dud 5) GQOBDma sequences.

The formula bbich relates the periodic auto-correlatious and runz

distributions states tnat tae periodic duto-correldtions can Do

deterninea from thet number or vgrious kiuds o± suits in the souqeAc'e,

* wnece suite is tuse concept detinei by taw nlumber ot runs dnd tao

length-of the vector which conisists of these runs...

The apan-ri sequences which have two-level auto-correlations aiave been

interpreted rrom, both tne high-oruer auto-correlatiozas ana the

* aXV ebraic-aohoboLpibJc tunctiwau a.*gueace point ot view.

-By using the results -about cycJL.Lc aitercnce swt, we adru uble to tMxta
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411 the two-ievel 4uto-cure±tioA seguences ot perioi 255. xere

* are, iu l-otal, b4 or tna howfdVqLg 11colif ct iA'Le cdn Se~ve as tue

counter-exdaple tox Golijab'si conj~ectures. Amonlg 80 two-leVel

auto-correlation soqueiices ot ieriou 1~e7, except. tor 18 Pm-sequences,

two ot tbew are of tae most interest oecause, tiasy satisty the

randomness properties# that is, they are couater-exampies for ond of

GolomblS conjectures.

The cycles perious dibtrurnations of the noniinear shift registers

vuse teedtback tuntzias possess certia Kinds oi symmetry are very

SAA.pe. Actually, the pieriQous Wt to*.-.w cyc.le4 are always the factors

ot an inte4JeL Ietecutiaeu ay tue teedackcK tuAction. Andl, usually, this

kInd of nonlinear shift registerii cannot genwrate a de Bruijn

* sequence.

A new recursive integer sequen~ce 2-s detined and~ som* statistic.. Aata

* is derived. These data %mow twat tais sequeace possesses the random

* nature. Its siMpLified version, ca.Lld Golombss sequence, is studied

in detail. The cycle structure o± Goloib~s sequence is developed and

- the algorithmas to construct --ude intiertsting cycles are given.

-S.Id. GoloazD, "Correlation kropersiws of' Periodic and
*Aperiodic Sequeacus, aull Applications to dulti-aser
*Systeas", in dlew Conc-us-in flulti-Uger Comm~uni ation, J.W.

Stwirzyzski, ea. bijitutz & Nooruhutt Internitioucil
Pubiisners, B.V. Aiphen aan den [tijn, TuAe Hotae.LlantIs, 1981,
pp. lbl-197, (rbis book contains th.t complete Pruceings of

*the .3rd MATO Advauceu Stucy Institute.) (ziA copies e~aulaseu,
* vita tuis report)
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When two people wisa to spei. at once, we Say ask them to await their

turna, or to hold theix econver~atios in separate rooms. These are

examples ot time division aud space divisiou ot the avai.±au±e chaunel.

Anotner strategy is to nave thew sing & tuet, one in tue soprano range

an the other in the bass. This is "equencl Qifio of the channel,

and it your war is equipped with a Dand-pass filter, you can tune in

* to one or the other. rhe problem ot code division is to write a duet

for two tenors, who will be occupying the same regions in time, space,

and frequency, in suca a way taat d iistener can Choose to follow "ne

or the other without getting contused. And if you can solve that

problem, then we will ask you to try yur r.&nd at trios, octets, and

the Vienna Loys Choir. Would it helV to have each one of them

singing a iitfereat language ? I would accept that cs an attempt at

code division multiple access (CDSAJ. * Ou could argue that if you

utiderstand-only one of the languages being used, how could the others,

which you don*t understand, possibly contuse you ? Well, they can. A

flippant response is that we are constantly being confused by the

things that we don't understand.

The analytical approach to thib typo of probie is to recognize that

for a very large clabs of channels, the optimum receiver is a

correlation detect o , aua we would like distinct messages to have

mutually low cross-correiation. as you see, I am about to Sake the

transition troa polyphon-&.cs in the opera house to my real subject,

which involves digital signals, usually biuaqy, being typically sent

over' radu trequeacy chaunels, though I reserve the right to mntion

sonar applications. hut Dutore we lwave La Scala, or Covent Gardens,
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ol tnv net, I would iJ(i to uwze one mnae drop tro& may Qpwrative

analogy. It is clearly easier to pick up one voic" out of two taan

Oe out of f ifty ,.LI 4:,thfr thiSnzi, inc uaiLny re.Ltive sxgual power,

beiuy weual. We aight Lu,&gin a composer with the coabinatorial

virtuosity c a J.S. bach, or the geometric insight of a W.a. L zart,

writing parts toz tight tenors in such a way that if any two of them

sing at once, it is re-ativeiy dasy to separate Laeu. But that is

clearly a differeat probiea, and in geneLdl edsier, than scoring for

them in a way tnat allows all eigat to sing at once and remain

individually intelLigqixle. So we &ust is ringu4.sh, it we say we have

a good set O a signalS tor CMA a ilPvCatioU, wnetaer we expect only

two, or three. or all n, to W in use at the same Lise.

- 0. heng and S.W. Go.oab, "Relatiuns Betweea Run

Distributions and Pfeiodic Auto-Correldtions", Suomitted toI Z2_o (1 preprint euclosea
witn tais report)

General relations between run distriDutions and periodic

auto- correlations are developed. Run distributions are described in

terms of entities calied suites which are suDsequences consisting o

consecutive runs. For periodic auto-correlations, only the lengths of

the suites and the ihumwr of runs in them are important. The

occurrences of varioub -tuples in a given sequence are not mutually

independent. In fact, half of them are alreay enough to determine

the, others.

I.



U1 Carg, e~ S.I. Golohb, On te hcurs~ion t &na -
Submitted to -ZEM12IA CoLI-tro~,. 0(1~~t nls
with this rtptort)

Proportie.4 of tne recuirsion ana 4n%_ are studied * A biwple

* algorihm t~or the construction ot iats cycles is givct. The cycles for

*vaiLch tacw maximum teti is smaller -tuan tue per2iod tare of specicil

interest. txamp,.es of such cycles a~re given. lu fact, the period may

exceqid the largeut term of the sequence by tn arbitrarily large

factor.

a [. Chang, and S.W. GoIOUD, "On the Characterization of
*PN Sequences", Submitted to the IEETrans. on Information

Theory. (U preprint enclosed, with this report)

I D. RESULTS INCORBINATORIAL ANALYSIS
KHAD MUBBER THK)RY kPPLIC&BLE TO_ R SUACl IN CODE CIWS CAT ONS

-S.il. Golo&o, "Iterated Binomial CoieI±±cients", A~erican
ilath. MoatblX* Vol. 67p so. 9, Mov. 1 9$O. (30 copies sent
with prior iejPort)

it is traditioiial in mataeoatics to explore iteration of operations,

* ad whe~n these are non-commutative and non-dasociative, there are

* Usually quite interestimi properties to be uncovered. Taus, there is

1 certainly nothiug bizarre about considering such expressions as a

* the result ot iterating the exponential o oration. Far less common,

* however, is discuWssin of the expres-iion (b9, the resualt of iterating

tu "Diuoamial coelficieut operation". Yet this exprebsion even naz a

latura.l combia~torial intelrpretation: "the busiber of subsets of sizw

* a vnicau caLn o toLned irms the collection ot subsets ot size b troa a
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c.liz; or sizLe coo; tfl~.t iL;, tit- IiuabeL ot aL-tuple5 aa b--tuples in a

set 4it size C. iertapb it i6 ecauz the notation is ungdilly

vspecialiy waen we try to conide.r tUrthei iterates, such asi(a)),

that this susject has ceu neicted. (The oider notation was no
Cb" Cb  Cb c

better: Ca an ( Ca etcl)

Let us therefore eata""ish a notation acre dnenable to typesetting.
:-. a1

Detine jar ; a2;.a) IJAcuctiv ely Jiy (a) =. ;a~j () n

(* & a 2 ;..0;akl; = tal;a 2;...;a_);ak). Tausa ; a; ) 2;3 ?) .

For k<3, we will frequently continue to use Lne "vertical notation" as

well as the "horizontal notation", Dbcause or its greater taaiiiarity

ana visual impact.

In this paper, we will explore identities, inequalities, equations,

divisibility proyertia;, extremal proolems, and reduction formulas

- involving iterated binoiaal coetticlents. This is nor intended as a

dwinitive treatment, buz as an initial exploration into rich new

territory.

-P. Erdos, A&L. Rubi~n and d. Taylor. "Chooabxlity in
Grapas", publisued in Proceedings ot the flumooldt State
-uiversiti Conference on Gg-au Taeory. Coainatorics and

ap B lna, 19bo. (20 copLes enciost with this report)

A graph is 2-choos-ble iff each connected component isi 2-choosauie, so

we restrict our attention to connected grapas. To start tae

iuvestigation ot which graphs are 2-chosdole, consider a node of

valance 1. We Can alway6 caoose oue of its two letters afte e deci iug



which Ict~ter to chut6, LLO-A& tjle Qie ljai ad)aceZ1L. The t,Dvioua taing

to dL. is prune wy iaue-z oi va1euc~e 4, bucces~ively uaial we reach

thew gQ~je vkiich has no, wt oz. valance.

Am4;Pu tau tneoreihs proved is: A grdPU i&. :-CaOOS&De it, and only it,

the core ot G belonyb to

T tK 1 5C2 .e'(2 , 2 1, :

*-S.W. Goiviaa, "the Evia1erice for Fortunels Conjecture",
dahmtc Vol. 54, -'ej-teabeX 19bl, pp. eO10-210.

* (20 copies seit with priur report)

E uclid Os Proot tnat thwre are Intikit,. ry iLdny pzL3zm*-S is Dased i4,11 tueO

oserv atiu tha~t 2.. Lnrin+l is ot it,*Ir prime (wrere P n

* the product of the tirst Ul primes) *it must stilL contain a prime

1aCtOX ldrger thdU p
n

Be JjH RABTICAL flODELS OF BASIC PHYSICAL PHENOBENA

-S.W. GOIDDAD, 'Buoik's Cuba AUA a Molo of Quarx
Confinement", American Journdl qu Paysices, Vol. 49, 1ho. 11,
N ovember 198 1, pp. I i3L-I 31 . (AU copies sent with prior
r rep or t)

* Designating a +120 rotatiou t"twA'.st"1) ot a corner cell ot Ruaik's

Cabe (a popuLAr geumetric puzzle) "s a (mataiematical) quark, and is
- ,0

-1~ rotation 0±. a corner cell as a (uaathematical) mnt.&juarx, the

same restrictioris tnat corntiAe phy.3±c4 guarys are oubervedi to hol,

I.A
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viz. ibj~Aetvu yuark. causot aise, and~ iii 9teal, combinatiuns oz

qUaILLs and anti.uaxxis c;,u uly occur it t e excess ot cue type over

the other ii; a muitple ot tref.

F. ADAPTIVE UOTCH FIL.TERIG FOR SPBCTR&L LIVE ESTIDATIONS

-D.V.B. iao, and S.Y. Kung, "Adaptive tiotca Filcering for the
Retrieval of bxnusodal biqskAds in Colored No ", to appear
in IEE Trang. on AbSP, 19b2. J2 0 copl.s eucIosea with this
X WP ort)

A notch filtering technique is aevelopea tor est3.Wting the

frequencies of siiusoidal zigus in adaitive, uacorreatea noie,

colorea or white. The tecniaque may be regarded as a blend or tne

time and.frequency domain approaches. First, it is shova tnat a

xrequeucy domain aualysis leads naturally to tne adoption of the notch

filter for unbia6ed estimates 0t the frequencies. Thwn an

approximation in tne time domain &nalysis leads to a constrained

autoregressive mcving average model which results in a simplified

parameterization of tne filter. Tais model is useful in establishing

its connecticn tu existing popular methods: autoregressive model

bdsed and Pisdrenko's harmonic aecorposition methods, for adaptive

estimation of the parameters a stochastic Gausa-ewton method is

developed, and the reiated cunvergence issues are exaained. For the

implementation of tht tIlter, in addition to direct forma. efficient

Cascade and Parallel fori&s are a.LsO examined. More siguaiicantly, the

sethoa youseseses the frequency decwuplinq property typical of

-I
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frequeuc y domain rethuu. which a±.ows the prono.e to De pdrtitioned

into smaller sUDpC DleLs tOl praiez pJrocesaiug. T- . sxmultion

results preseutea -iupp4L.t aud suost iatxite thte iaethusa an &fly .

- S.. Kung, and D.V.b. kao, I'Anajysis and lmpiementtion of
the Adaptive botch Filter tor Frequency Esti.w4tion",
Proceediun of the lntegnitional Conference on AcousticsL

peech, and Signa.i PLocis:inq, London, tidy 1962. (20 copies
enclose with this report)

This paper ennances s0e theoretical and lmplementation aspects Ot a

constrizined autoreyressive imoviJy -average zooel, the notch rilter

model deveLoped in [lj for the estimatiun of sinusoidal signaLs in

additive, uncorreiLted Loise, colorea or white. This model :s shown

to approximate the actual signal p.Lu6 noise model. In addition, the

parameter estiaate5 obtaLne by mniczation or the output power of

. the notch filter approximate tae maximum likelihood estimate ot the

model parameters. The relationship of the notcn filtering approach to

the existing autoregressive and Pisarenko metnods is estaDlisaed.

Next, a scheme to coabine tast convergence ana unbiased estimAtion is

suggested. Lastly, certcin :Laplementation aspects ot the filter are

considered and the serhon is shown to be amenaDle to parallel

processing.

-S.Y. Kung, dnd L.V.B. Rao, "An Unbiased Adaptive hettkod tor
ftetrieval ot Sinusoidal Signals in Colored Noise",
_Pj~usedin_1le h IkA.t Coaiereuce, on ecision ind
Contro_, pp. bJ1-: O', DeceDaar ) 1. (kO copiLs seut with
prior report)



The problem of ret~ievi i arrLwuiua OX siLusoiu&L siglials in aaaitivw

ntoise, colored ot waite, is consioeied in this paper. A

frequeicy-domain andlysis -iads to a notch ±ILter estimator producig

unbiased estiaates Ot the sinusoiaal trequencies. Tne notch filter

leuds itseLi naturalily to a frequency decoupied realization i.e.

cascaded form rea/ization. This hds aesirable numerical consequences

which is essential for re.o.Lving closeiy spaced spectral lines. The

method also fen tues an adjustable debiasinq parameter whose proper

adjustment results in a decent rate of convergence to highly accurate

estimates. Based on soae frequency-tracking simulations, the metnod

also appears to possess good tracking capaiiity.

- S.Y. Kung and D.V.B. Rao, "Adaptive Notch Filtering for
Spectral Line bnhancement", ASSP Da. (Z0 copies enclosed
with this report)

This paper presents a new perspective to the problem of recursive

spectral line enhancement, nawely that of retrieving narrow-band or

sinusoidal signals in auditive noise, colorea or white. Through a

frequency-dowain analysis, a new adaptive method based on a special

notch filter structure is adopted. Theoretically, unlike sost

existig methods, the new method is capable of producing unbiased

estimates of the sinusoidal frequencies; practically, the method also

posseskss sobe strong numerica.L teatures: Due to parametric

sensitivity, a cascaae brructure has to be used in lieu ot a canonical

stxucture in order to resolve closely spaced spectral lines. Due to

the special frequency ch ar cteristics or the notch filter, a muci ied
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qra44.LeI~t methAtt it! projvseU to ensure a roDust auitive aadJuStAtw ot

th~e f i.Ltwi: Coe-ttici.Lb.. t*inally, tue !aietaouz iecgures .Ui ed 3u stLale

d~ebIaI~II Paramete~r who-se proper adjustivent re.-ukts in a n ,iL

accurate estimate at #1 very deceut convergence rdte. Baseid on

numerous smuLaticns curicuctea, tfle Setbod appeaES tU eXbilit higjh

accuracy, high resolution at; well as excellent trackinc cap&ni.Lity.

G. aTOCHASTIC REAL.IZATIONI AND HIGH-RESOLUTION SP9CTRAL ESTIMATION

- SY ung, anc X.ki. Hiu, "Improvea Pisareakuls SinuSoidml
14 ce apj-roxiaatioi methods",

preprint eucicised wi~th this repurt)

This paper pre.euits twto nuaerLica.Lly stau.le Pisdreako type spectrum

estimator6 Dased on a surkspace approxim~ation approach. a sisLusuioal

signal plus noise: model is assumed. by using tzue singular value

daecoapositioa, the covariatice matrix is d*-composed into a siqnal

suwspace whica reprusents tae signal component.; and a noise suospace

* which -represents the aoise coutribuitions. The first method makes use

0± a signal suDspace structure wnicn caordcterizes tue signal

* covarince matrix by & liaear system triple (AkS Tuen the

trequeucies of tne signa1 -ainusoids are so.Lved as the eiyjenvalues Qi

the A matrix. The second method utilizes a Toeplitz structure ot the

* noise subspace. Theu a subspace aparoiim&tion Procedure i6 taken to

find an estimate ot this noise suDspace. The xrequency vistimates are

* then solved as the roots ot the uletiniug segueuce ot this 'Loeplitz

* noise subspace naitrix. simuljtiofl results drov furnishea to illustrate

the advantage.- tot these p.opcsed newI otsealhocs.
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- S.. ilagU, "lartial hai2.hatiuOti: kxisteace, Uaqenes UOa
Min 124l1ty " , PL'OC dedinfj _Of. Ir~te 'aat iolka. SYsko~iUA Gn

* Circuits -ahI S vsteab, fiowe, ma~y 19d2. (zu repritits eiaciosecl
with this re.jiort)

This paper develcps soa ±basic rank pr£perties un HAnkel mtrices

which ±Iad to a siaple solution to the tundaiaentiil questions o_ the

existence, uniqueness, and mi imality ot p41rti" realization. Tais

result plays a Lole 3n systems parametrization which has several

applications as illustrated in the exampie given.

- S.y. iung, "New Unbiased Metnods ror NarrowDand spectral
I Ekstimatiun", 1FAC on Th-ory ana Application) ot Diital

- Control, New e*la, India, pp. I-, January 5-i, ti6,2. (2U
reprints ea4iosea with this report)

* ---5 . Kuug, "A Toeplitz Approximation Miethod and Sose
Applications", International S mYps iU on hathemdtical
Theory of HetwoLks and sstam§, banta donica, CA, pp.
26i-.&6, Aug. 5-9, 19bi. j copies sent with prior report)

A narrowband/sinusoidal signal retrLeval problem is formulated in

terms of its Toephtz autocovatiance matrix ana a Toeplitz

approx3mation method based on singular value decomposition is

proposed.



a. 1OL REDUCTION TI& SINGUL&R VLUE DECOMPOSITION

- Y.V. Genin and S.Y. Kung. "A Two-Varihble Approach to tae
nodel ieauctio* Prolem with haikel. Nora Criterionr i
. .. an- yst.C-s, Vol. CAS-2b No. 9, pp.
912-924w, Sept. 19b1. (20 copies seat with prior report)

& two-variable approach to the model reduction problem with naakel

norm criterion is discussed. Tae problem is proved to be reduciblo to

obtaining a two-variable all-pass rationl. function, iuturpolating a

" set of parametric values at specitied points inside tne unit circle.

A polyuomial tormuiation and the properties ot the optimal Hankel norm

approximations are tnen suoun to resul.t directly froa the general form

of the solutioni of the interpolation problem considered.

- 5. . Kung, and D.W. Lin, "Optimal daukel Nora odel
Reductions: " fultivariable Systems", IEZ Trans. on
AomdtiC Control, Vol. AC-2o, No. 4, pp. d32-b52, August
1981. (2.0 copies oent with prior reportj

This paper represents a tirst attempt to derive a closed-tor

- Hankel-norm) optiaal solution for multivariabe systea reduction

problems. The basic liiea Is to ext&ici the scalar case approach to

deal with the aultivariaole system. %he ma3or contribution lies in

-! the development of a minimal degree approximation (d&)) theorem ana a

computation algorithm. Zhu main theorem describes a closed-ort

* forulatien for the optiaal optimal approxlmants, with the optimalLty

verifiedi Dy a comp.Le.e error ar.aly.is. In ie.ivi.g tae main tneoL..m,
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some U.U.Mt aing ulir value/vector pruporties associatwd with

blocK-hnnkel atrices Qre expluLed and a key extension taeorea is also

deveoLoped. 1aDeddtd in the pilyno&Lal-thecoretic caerivation of the

extension taeoLem is an etticient ippiroximation algorithm. This

algorithm consists of three steps: (i) compute the minimal basis

solution of a polynomial matrix equation; (ii) solve an algebraic

Riccati equation; anu (ixi) tina the partial fraction expansion of a

rational matrix.

-S°E. Kunq, and i.w. Lin, "hacent Progress in Linear System
flodel-Reduc Lion via flanice.i Matrix Approximation", invited
lecture for state-ot-the-Art heview of Systems
Approximation, European Conterathe on Circuit -Teory and
kesign LCrI) blI, The kague, The MetherLands, August 1901.
(20 copies included with this report)

This paper presents a briet review of several major approaches to

linear system modeli reduction prooless. Zmphcwia is piaced upon two

classes of Bankel approximation metaods. Using a singular value

decompositions on the system HankeL matrix, the singular

values/vectors are categorized into principai-componeut and

perturbational-cooponeut sets. The first kind of Hankel approximation

metnod adopts an adjustment of the Haukel matrix, with the adjustment

derived from perturbational singular values/vectors. Both

discrete-time and continuous time cases are considered. Sidulation

resuAts and comparisos are documented* Finally, the paper brietly

reviews banel approx±&.tion methods for multivariable systems; and it

* urtner suggest.- a new scheme tor solving trequency-weig ated

* pjiroxiaatiuLi pr~Ai±.us.



-D.W. Lin ana S.Y. Kung, "Uptima.L~ hankel-4ora ApproxiimatiJn
of Coiit.uU(Aup-Tfiwe Linear Systems", Circult,. _jv~ysem- G

~~ Vqu. 1, No~. j iS4, biLkhavsr, iuc., boston.
(1 preprint included with this report)

A problem on optimal approxiaation oz continuous-time linear systeau

Is stud~ied. The perroranzce medsure (errur) xs chose% to ae, the

sp.ctr.al norm. (4 the difteceace botwevn the liankei opergaors

associated with the original systemi and the approxxmewt. It 3is shiown,

th t twie lianKel ojatators, assuciata witsl coat nuous-time systebs Auad

the dakijtl aatrice-% as~ciatcL w.Lth aiscrate-t.Lae systei.s ax~e r".La.-eu

Dj an interesting coLrespundence propertj via bilinear tranarorss.

Thia tact is tnen usec to derive the coc~tinuous-time rebu.Lts ttheory

* and algoritums) trom tae outanlished aiscrete-tiae ones. soao aiap.±e

examples are presented.

-S.Y. Kuing, and D.4. Liii, *A State-Space Formulation for
Opt imal iankel-Morn ApproximationsI, to d appear ina IZ-
Tzuns. on Automatic Control, v.o.. AC-26, No. 4 , pp 942-946,
August 19tiU. (kO copiw6 sevnt v3Lth priojL report)

Tiae optimal klankel-norm approximation problem studied in [ 11 is

reformulated in a state-epace setting. Thtp cruC14.i Extension Theorem

is ru-est~blisheQ in this tramwwork. -the suiiaa Qe~ree optimal

approximation is then aerived in terms 0± state-SP&ce parameters.

-S.1r, Kung, %UptiaulJ lianr~wl-horm L0401 he(IUCLiO.&S. - b~d
System", To uppsax oss lz~gTriseo A oIjatic _Control. (I



pxrepriat eIic.&isud with this report)

* Tais paper deal~s with the optijLl j~iFI-&-i aaolbl recuct.tona~ ii~ a

pulynomi"a appi~occh. ~Tne Md]QX COUZLrtitofl inciude (i) a "ie~k

* -generalized aigt-uvalue problem tormuldtion yie1daing a clus*G-orm

s o.Lutiun for the Jainisa. -orm-approxizaation prQDoedsD ana (ii a xast

jEkD (ma trix-tra ct.Lon- "cr.Lpt ion) al-turittim, based on du& aujo.Lat

system matrix# for the 3i aaJ&.-d eqree-apprQAiaation prob.tems.

Signiticantly, tho saze approach ca& also be succesatully extenue a to

contInuous~-timee &.- well as iauLi-variaole sysLeb'sa

-S.!. Ku nq and D.4i Lin, "0ptiJ fanx4e±-norm hesductions:
klultivaridlDle systeiii", iPruct of tae 1980 Conterance on
22cision andi Control. pp. lci7-19'4, Newb Mexico, December

* 1980. (.JOI copies sent wita prior report)

* -Sol. Kuag, *A New Low-Order Approxiation Algorithm via
Singular Va.ue Decoiposition1, Subaittea to the (ItEe. Trau§.

onAuonti Cntoi (1 prepriat enclosea wita tais report)

-S.Y. Kung,."New fast Algorithms tor Optimai Model
* ieductions", Prc ot tthe-1950 JACC, San Francisco, CAp Aug*

1980. (1 copy sent with prioer report)

1. VETVORC S]MCHROIUM&tIO

-d.C. kiagmatia, aIIU W.C. Lindsei~y, NetawurK. Syncaronziation
*TechniquesO MNAZO AlaauCed btudy Institute# Norwich,

Engl4udp August 4--o, I Pb0. (20 reprints elc.LosecI wita this
r fp or t)
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The purposu ot this papjer i to introduce tue reader to some rocent

network sy IAChr La1z ati Gs results. First several network

synchconization twchnzques ace sumaraz-d. Tais is tollowed by

presenting a uuitled mathematical wodel which characterLzes the

statistical oenavior o± a broad class ur network syncronization

techniqueso e.o., pleuxochronous, hierarchial master slave and

mutually syncarunized networx6 vita and witnout delay compensation.

aesults on the staDility3 of these aetworks as welt as the steady

state Denavior are presented. Fur example, the steady state network

frequeucy and time differences between ,oaes under a no noise

condition are evdluateo. einally, tre eftecS oi clocK drift are given

along with a grcwth algorithm xor the initial constructiou of a

syncarunous network.

-F. Ghazvinian, and .C. Lindsey, "Disseuination ot Time in a
Digital Comaication Network," National Radio Science
Meeting, January 12-1, Ibl, boulder, Colorado. (Abstract

* only.) j1 copy sent with prior report)

In recent years the importance Gf digital communications has become

more apparent and a variety of digital comaunica- tion networks have

been developed. One of the ma3or obstacles in developing an efficient

network is associated with the task of synchronization ot tue

frequency and phase or all clocks in the network. This paper

investigates a method of clock synchronization in mutually connected

cosmuncation networks. In this technique, delay lines are Lntroduced

at wach node to compensate tor the transmission delays encountered Dy
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thW timing SighALS. It i- savuwi t.aL tnis metrh cant be extenaea to

lii LuGt the byncnrwuztLok ut uc-twoxk) %ith ooviuq te&.nalb which

are sua]Jct to ouca t ctoL us te cnduge m transmission delay and

the zreuenc) sh.-ft ry dopplwr witwct. Ih 1 erformdRuce crxteriou " a

syncarinizw netwoik is "sod on tue time dterence Detween tne

clock in the uetuork. 'ther time error processes are rancoa in

nature and depend on trequency dritt and puase noise ot the

osci.iltors. In this paper a tjeueral ,,atrix exosression .s derive or

tae 4-tn structure luuction ot time error process. -or certiin

topologies of intere t, these hiructucw tunctiuns a computed ror

eutu&lly synchrtnized netwvrk6 and tbeir resultb are compared to the

cbse where thge are no couplijs betweeia thi clocKs.

- W.C. Hagmaa ani W.C. Liuasey, "SoA. Results on Time ann
frequency TransteL in butually Syncnronized Networks,"
Ad tLoaal Kccl.o Science fleetluy, January 12-10, 1981,
Boulder, Colorado. (Aostract unly) (1 copy sent with prior
report)

A general mathematical model describing time and frequency

distribution networks is pre nted. speciil attention wiii be given

to mutual synchrunizzxton. Various functional Models shall be

introduced. A linearized mathematical model and its applicability

• will be discussea. buzticieut conaltions for uetworK stanility will

be given and approximate pole locations wi"i De preiented ror a
I

special "equal delay' networx. The steady state Deuavior, i.e., LUe

steady state network frequency anu tbe steady state nodal time errocs

will Do developed. ue i fLluenoe or clock dritt on these time erLurs
6
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will v invescigited an au ex.a-mple give-. A special networ growto

algoritha is preuuteQ which ,aij.mizes the disturDi:nce. to the

syncarcnous netwvrk as it grows.

- W.C. Lindsey, P. Gz&Zvinian, and W.C. diigmann, "Time and
Frw duency Transter in ata Coamualcation Networks".
I-ternationa.l Symposium on Intormsaton Theory, February
9-12, 1981, Santa honica, Calitornia (Abstract Only). (1
copy sent witt prior report)

One of tae major problems in developing an efticient digital

coamunicatiAia network is auociatea with thv task or the network.

Diferent metaods or diastriouting tie and trequency are discussad and

a general mathitical iouel descr;ibing dll these techaLquemi Ls

developed. Special attention is given to mutual syncurnzation and

fuaictioual models are introuuced for this method.

Performance aeauures u.-r time and frequency distribution networks are

discussed. The infLuences of frequency dritt and phase noise process

o the clocks on tae time error processes are investigated. A

comparison is maue between mutually synchrouizea and plesiochronous

networks. Finally, a special netwoLk growth algoritna is presented

which minimized etwork disturbances due to topological ch~ages in the

network structure.

---. ilagmann f. GhdZvijiaf, and W.C. Linosey,
"byichronizt.Lon 'chniques for, aobi.&e User Satellite
SYstemal", j Cmunicatios

* ~, lI", June 19bi, pp. (kU copies
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siont wita pLior report)

It is shown ia th.& paper how the structures of a class ot closed loop

ranging and syncaronaxtion systems tollow reaii.ly from .4 ts.c open

loop time dissemi natiom and ranging technique. The chinel delay is

tracked in a closed loop tasniou and tis estimate is used to

precorrect tne data transmission. This dyamic precorrection roauces

tao influence ot caannel dyxniics aud makes tas system attractive tor

satellite systems with sobile users.

* - h.C. Lindsey, P. Ghdzviaias, auik w.C. Haomanne 'Lttects ot
Clock khabe ustabilities on the Pertormance of Synchronous
betworks", bunaitted tot publication to NTC. il prepriat
sent with pLior report)

-this paper- iavest.gates the ettectts ot pmase instaiibties ou too

performance of a synchronous diyital comsunication network.

Thw performance cf the network is characterizes in twAms of the n-th

increment oi the time procetses observed dt the nodes and the time

error generated between the networK nodes and their associated

structure function.

A mathematical model describing the operation of the network is

developed. This model is then used to show how the clock phase

instabilities intlutucw the synchronization accuracy in

plesxocbronous, &astwr-slave adu mutually synchron.a.zed networks of

clocks. It i4 "nhown that bynchronous networks exnibit a smaller time

error variance withLia the Ietwu~k thau plesiochronous isetworks. It is

.
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also shown that the ueturi time process ia mutually sycuruviized

network is less izalueuced by the osci.Llator phase noise thdli the one

in a zaster-slcve network.

W.C. Lindsey, f.C. iagmann, and F. Gadzvinian, "N etwork
SynchroILLZ tion Techniques: An Overview", Sunmitted for
publication to HTC. Also publishea in ntz krchxv bd. 4
OtO84, pP. lb-188. (20 copies encloaea vita this report)

The paper gives an overview over various network synchronizat.on

techaiique v hich have Deeu popos*d in the literature. it is shown

how they can De classiie &n &U easy and staightforwar way enabling

a fair compdrison between the different techniquei. Geaeric

advanttages and a"sadvantages o the basic tecanigues, plesiochroaous,

master-alave and mutual, are discussed, and an extensive reterence

list is given.

-W.C. Lindsey, F. Ghazvinian and W.C. dagmann, "khase boise
Effects on bynchrunous Network Performance", Proceding s f
the National Telecommunications Conerence, Institute 3t
Electricai ann blectronicb ZngLnwers, Dcemoer Vvdl, pp.
Fto3°l-F1.3.5. (20 copies sent with prior report)

This paper investigates the effects of phase instabilities on the

performance of a anchronous digital coauuxcation uetwork. The

4 portormance of the network is characterized in terms of the n-th

ihcremet of the time errot process geueratea between network nodes

* and iLs asbociated structure runction. A matawmatical model

4. QeSCLibing the operatiozi or the netwrA is develuped. This mooe is

I.
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then used c L U cu.Lct% cat( coiwp.e tat structural uaomnts or the tiae

error poces-aea toL niietorks L±OiI p±esi,.chrouou1s, 14 d 2t L6i v l

and mutual synch iouii.it ion to-,ciiqut..

W C. Lindsey &ad H.J. Caoi, Olutudi Syncaroaization or Two
Oscilatoshat&oialI Telecomwiu icationsConference itecord.

Ualveston, UX, 19d~e ito appiear) . (I prejpriat euciosed wita
this report)

In this paper, various dppruaches t4:r the imutual syachruiiiatiual or

two yeographica.Ly Sejoa..atwd o.-cii.L.ators are jpreseaatcmi. 6athL-Adticai

aodels of these systea.s are pxioposuiL aiui uetwork pert ormauce measureb

* are detined. I t is bhown that PeLturmauce can De im~proved Df

d itfe runt, &thWod. or impleiientartion dt the expeuse of nezworx

compexity.

- . Dessouky aud W .C. Lindsey. Statiticul Characterization
o± a Systea of Two Mutually byachronize1 Oscillators",
National Telecom muica t~ons Contere ce hecurd, Galveston,
TZ, 1962 tto appecr). (I preprint enc.Losea witu tnis
repurt)

Tais paper presents d theory for a systea or two mutudlly synchronxzed

phase-locked oscillators. Thet theory is based on the tre±tmeut of

sinusoidal phas*e-.LucJxec loup6. operatinug in the noul.Laear reg.A.

Three key phase ;jicremient processes are cietined, thieir physc.i

seae~fing excpldinecL ujic their probabiClity aens.Lty luuctiou Uerived1. Tae

etiects of transwiissioi deLiays aud Irequency 1Z1stdbl.ities in ta'd

* SybtWO dlre stud3ied through tne.L eltects OhA the cdesities wt these
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- .C. Liaasey and C.Y. Yoon, "Pnasi Locked Lop Perfor,-ouce
in the Pretiice ot CW LaterLerence and Aditive tioise",o
Acceptea tor publLcation in -zL. Trans. oa Coiaunications,
October 184. (not Yet avalLaDke)

- F. Ghazvinian, _kchrozix_o, in Dicital Cofiuncaxt ion
Networks, Phl) dissertation, iDept. o' Llectric-l x:ngineeriang,
University ot Southern Lalitornia, Los Angeles, CA, August
1981. (1 copy sent wita prior report)

Syinchrou.Lzat.oni in digit"J comunitction -etworks, referred to as

* network syncnronizatiun, is basicaliy the distriDutLon or frequency

and time to all the aodes in the networ.c.

* -  In the past two decades, the pronles ot network synchronizdtion n.s

bee, studied extensiv-ly and many techniques have been proposea for

achieving synchr Liz.ticon. These techniques can be divided into

several different categories depending ou the nature o the

controlling sign.Ls used in obtaining synchronization. The Dasic

operating principle of these syachr-enizaton methoas -ad their

inherent advantages and disadvantages are discussed in this thesis.

The *ajor consideration in tr.e design or a syuchronuus networr is

based on the ease of imp.emeittatiozL ot the netwurk. In this thesis

tne functionl model of a synchrunouz networy Ls aescribea. The basic

implementation (A a two-noda.L network witri and without de.ay

compe -sation is Plesentea auu, zf.r the case ot aelay compeiaideQ

|.

S



etworis, a delaj weasurerdeut techu.iqae is iutroauced and Lts

operation is descrioed.

To dnualyze the benavior or syncaronous networks, a unitied

faathematiCal model or Synchronoub networks is developed which is

capable ol descrioing xna operation or all synchronization tecanigues.

A set of performance measures are detined in order to evaluate the

Dehavior of syncnroaous networks. Then using the aatnemdtical model

o the network, the following pertoraance measures are calculated for

- several networks vita ditrerent syncaronization tecnniques and the

results- are compared with each other.

1. The concepts oi staDility is dezined and sufficient
couditions tor staule operation of synchronous networks are
presented.

2. The steady state network frequency and the steauy state
time distirbutioa between the nodes o the network are
evaludted and tae signiticance or delay compensation
techniques is pointed out.

3. The sensitavity o± the network to structural cuanges in its
topology is aiscuzsed and some techniques are introduced to
reduce tne perturbatlon in the network due to addition or
deletion or a node to or trom the network.

4. Tjhe eftects of phdse noise ot the clocks on the time error
process between the nodes in tne network are evaluated tor
different networks and It is snown that mutual
synchronization has the property of reaucing the effect of
phase noise.

Finaily, problems of syncnronization of nonstationary networks are

pointed out dnd some zedsures are introduced to overcome these

d ifficulieso
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- K. Dessouky, goia linear Taeory .o .utually Syncajonize.
Oscillators, Ph.D . .ertatioi, Deparruanr oi tlectrical
hE-iqizeering, Iniversity or Southern Cdl~xorn.L, bovemDer
I . (blot yet avlliaule)

In this tnesis, a theory is aeveloped for a sySte& of autuaily

syncrun ized oscillators. Tne systea discussed employs phase-locxed

oscillators with sinusoidal phase detactor characteristics. The

objective is t. characterize the steady state oenavior o the system

when it operates nonlinearly in the preseuce of noise. ks a result,

no dttempt is made to approximate or linearize the phase detector

chdracteristLcs. Instead, the resuits ot the theory of stochastic

ditrerential equations are used to ottain the desired statistical

characterization ot the system.

A mathematical mcdel for the mutual synchronization system is first

presented._ To obtain eAplicit results with the aonlinear differentiai

equations evolved, a system of two nodes is considered. Three xey

phase increment "prucesses are detined and their physical meaning

explained. These increment processes describe the phase error in the

system, the stability o± the time scales at each node, dad the tiae

interval error ot thi system. Tnrougn the increment processes,

applying the useful tools of no-linear phase-locked loop analysis to

mutual syncaronizarion becomes possiole.

The core of the thesis contains the development o the stochastic

ditferatia equations dwcrioing the increxent processes, and the

dei vation of their probabilAty density tunctions. The

syuciartoization systLa i attected Liy uoise, trausmission p.,tn delays,
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deL al compeusatioa, a.-LL oscillator frequency inst4Dilities. Tne

eZiect. they have ua the system dre studied tbrough their eirects on

tne proD~oiiity aen.ixy functions oI the aitfereit increient

processes. the effects o loop 9&" assymetrics ou the phase error in

the system are aJsc invftiyated.

After iresenting tae density functions of the increment processes

oDtained Dy noulinear analysis, very usefui Gaussian approximations

k for these densities are developed ,a discussed. To complete the

study of the noniinear behavior of the synchronized system, the

* phenomenon; of cycle slxpp,.y, which occurs betueen and at each of the

nodes, is dnalyzt.

A- APPLICATIONS OF SlJB TdEORETIC TRANSIORMS

-J.S. Heed, H.M. Shao, T.K. Truong, "Past Poiyuouaal Tranusfora
and its implementation Dy Computer", IE Proc., Vol. 128,
Pt. E., go. 1, March 19d1, pp. SO-6u. (30 copies sent with
prior report)

i Recently a new algorithm was developed to compute two-dimensional

cyclic convolution by what is calleu the FPT (last polynomial

transform) algoritnm. In this paper this new &lgorithm is furtaer

studied and implemented on a general purpose computer. Bethous to

cope witu finite core memory limitations are presented and ictual

cohiputtional speed pertormauces are listea.

-Ii. Glover, I.S. heea, T.K. 'ruong and J.P. luang, "1ethuas
to heduce tue Taole Look-Up heqai~eaents tor rinding Logs or
ALtiLoOu 01 BleaL=tS in a Galois Fieid", suDaitted to IE&
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Procetdingb, Part F. (I prvixiLnt eiclCose wita tait; r~purt)

Let GFig) be -i lanite fel.L, where q-p-m aLd p 1- priae. Pulynomid

multiplications in GF(S) requieu to e-icoaw &Aid decode bCb and

Bwwd-Solomon (Hb) cooue are pexxorawd oftan usiug log and antilog

tdoles of pn -1 a-zero timld elements. It is shown in this paper

that for qp2n nc A 1 4 prime, the Log &zad the antilug of a fiel.

elvemt cau be lound with two s.ller taDes of P .t and pn-1

elements, respectively. The method is based ou a use of the Cbaese

Remaindeu tneorem. Tais tcaxiue results in a siquiricant reductiun

"il the meory reu eeut or the pruiDLes. It is shown more yeera.Ly

tuat Zot -1=Pl" 2 .Pka1 2 ... k " wueIL- aipi for Xi k, tables of 1

elements, m2 elements, ... ,mk elements "Lso can be used to tind logs

and antilogs over GF(q). In the latter method, further reductLons iU

tae aemory requirewents are ucnieved, nuwever, at tae possible expense

of a greater number of. operations.

- I.S. Reed, T.K. Truoug, "A ew algorithm for Computiny

Primitive klements in Gfig 2 )", ubmitted to IEEE Trans.
Informatiog Tneory. (I preprint euclosed with this report)

A new method is developed to find priaitive eiements in the Ga1uis

field Ot q2  elements Gf (q2 ) , wnere q is a erseaune prime. S1ca

primitive elements are needed to impLement transturbs over GF(q 2J.
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- I... Hed, T'.Ko ILuUng, ..- S. Yiu H. ft. S a , "An .proved
kLT Algoriths, L.ox Cu#Aiputiuc Two-D.mensiundl C Yc.kiC
C.nvoliutionatl sumittted to lz tr. i ras. acoustics, bpfechb
and bignal Prct.IiL9. (I p ri:pLnAt ehC.Joj. Q W~tu tals
rep ort)

La thib paper, au lkprove tat polyaoial transtora kfPT) is developed-

for computiug --D cyclic cuuvulutAun - . In this new procedare the

excess-complex multiplications iox cofputing the required polynomial

products are eliotiated by incorporating them into the fFT

computation. Also new dlgorita are derived for computing tae

modulus reductions aiu, reconstruct.on oy the Chinese remain'1er

theorem. it is -MVu tat thn iatrrr alg0Etn SL4ve a StrUCtUCE

similar to an Fft-type lw-. structura. These algorithms reauce the

num*er of additin. and shittu ,ueeawo previvuily. with these Z.eV

methods the FPT cau be computed with a more systematic structure.

- T.K. Truong, I.S. ieed, C.-S. Yeh, "Parallel Architectures
for Computing Cyclic Convolutions", suomitted to UP.
Proceedings, Part I. ti preprint enclosed with this report)
(This paper is the same as the one that follows.,)

In this paper, two parallel arcaitecturuJ- structures ace developed to

compute oue-dimesiouai cyclic convoluti$as. The first structure is

based 'on tie Cnizese remainder taeorea and Kungbs pipelined linear

array in [6,7]. The second structure Ls a directy . mapping from the

mathematical deriuition of a cycLic convolution to an architectural

design. TO compute a d-roint cyciic convolution the tirst structure

needs d/Z inner iroducbt cells, vile the secon structure and Kuagts

linear array in Ltj requ;re u cells. houevei, to compute a cyclic
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couvolution, thw bvconu btructure requ.res less tiwe thaL both the

t irst btruc.ture wic. ~i~u z Liuo-sar arra1y. Ancitaez app.lication W'. ta e

secoa structure is tu multAply a ToeplLtz matrix by L vectur. A

taul is L.-isten LO coap~rv tnee twU structures dui, Kung's liaear

array in [do doth structures are saaple and regular, and thereture

suitabie ior VLSI implementation.

* - T. . Truong, L.S. £ieed, C.--S. Yet,, "A Parallel Architecture
for Computiuiy Cyclic Couvtjurin-, accepted ior puaiicatiou
in TENCON 082, fluug Kong. (I preprint enciosed wi-ta thLs
rep or t)

In tais p~per , parl.Lcl-pipelie, raoix- architecture is proposed

to impiement the tat poiynuaaia tran~fora tkPT). It is shown chat

suca a structure can ne used to efticiently compute a two-dimensioual
_ " -- .... olx 2  pu .,t , ( I =, -r+l

convolution of olxa2 cumplex uumber Poits, where dl=4 and a2=2

for 1<r<&.

-T.K. Truong, I.S. Reed, C.-S. Yeh, nThe VLSI Architecture
for a FIB Digital Filter Using Complex Number-Theoxetic
Transforms", suDmitted to I-SS Trans. Acoustics, Speeca and
Signal Processing. (I preprint enclosed with this report)

in this paper a paiallel pipeline aichitecrure is developed to compute

the linear convolution ot ro sequences of arbitrarily long lengths

with a complex numuer-theoretic triasturm tCNT.). In particuLar a

pipeline structure si;alar to Kuay 's linedr array is designedi to

compute a 248-po.L t CNT. This LUT requires only additio'a- and bit



rotationb. This CN L is u ed in conjuuction with a geanwra.ized

overlap-save tecnique to cowpute a linear couvolutiuy of two coamplxe

sequences o± arDitraLA.Ly Lony lengths. A paraiLel architecture is

*: developed to realize this geueralixed ovwrldp--save scheme with one CAT

and several inverse Cmi: of Ab points. Firaiiy, it is shown that tne

generalized overlap--save aethoa vith complexc nuber-theoretic

transforms solves the ccn±lict Detween lung transtora lengtas and a

wide dyna*ic range of the number-theoretic transform. This

architecture is regular, simple, and expandable, and therefore

naturally suitable ror VLSI implementation.

-T.K. Truonug, 15. heed, C.-S. Teh, U.M. Shao, "A Parallel
VLSI ALchitecture tor a Digital Filter ot Arnitrary Length.
Usiong Fermat Mumer lTraustorAS", accepted for publication
in IEB- Interndtionai Conrerezce on Circuits ad Computers,
1982, Mew York. (I preprint enclostd with this report)

In this paper .a parallel architecture is developed to compute the

linear convolution of two sequences of arbitrary lengths using the

Feraat numbur traustors (PIT). IA particular a pipeline structure is

designed to compute a Ut-point PST. In this PAT, onLy aditions and

bit rotations are required. A standard barrel shifter circuit is

modified so that it pertoras the required bit rotation operation.

The overlap-save method is ganerilized for the PST to compute a linear

convolution of arDitrary length. A koarallel architecture is developed

to realize tris type ot uverlap-save sethou using one PA' aud several

inverse FT's if 14b points. The gencralized overlap-savv method
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t .Levj atej the usual acy"iwa1c raugq limitatian in ?BIs ot Jony

tzaustura& lenyt.Ls. Its uLChitecture i. Leg uL Simp.le, and

expdndab-, nd ther efoe l&.ituriJ.jly suxtado.e tor VLb, impleaet-atiou.

T K. Truoug, 1.6S. Reed, R. LipeS, A. RUbin, S. bUtan,
"DigA.tdl SAi& Proce-szixg Usiag a r-st Polynoaidl Traunsform",

suamitted to I2s k; Trans. Acoustics, Speech and signa.
Prcessing . (1 preprint enc.LoseQ with this report)

in tzis paper, a new digital processing algoritums is developed for

producing imageb trow SELASaT Synthetic &pwrture Radar (SAd) data.

Suca StAbAT operates in the strpm 1 ppiag mude. This algorithm applies

the Last po.Ljnoma.L traubtorm tf.T) ror coaputing the two-diaendional

cyclic correlation ot the raw echo d.ta uita tne impulse response of a

point target. This two-dimensional correlation algorthm solves tne

range migration proDlem. It is demonstrated that this SAR processing

technique is reaaily implemented on a general purpose coamputer.

Actual results o1 SEASAT SAR imagery are given in this paper.

-T.A. Truong, I.S. Reed, 1.-S. Hsu, K. Uang, C.-S. foh, OTne
VLSI Design of a Reed-boloxon rncoder Using Berlekip ms
Bit-Serial multiplier Algorithm, submitted to 11:4Z TMAnS.
Computers. (I prepriat enclosed wita tais report)

Berlekaup has aevelopeu for the Cali~oria Irnstitute ot fech-oiogy Jet

Propulsion LaDLoatory (JPL) a bit-.eriml multiplication ialgoritna for

the encodiug ot Mect-$oi.Lmon thS) codes, using a dual basis over a

Galois fi-la. The conventiunal hb-encodea tor iong codes orten
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[reyduires .LooJ-up taoles tu poer±ors th~e Auktiplicaion ut two f~l

elements. Berleydapst. algor.Lthii Leqjuires1 Only s h.Lt ti, g ana

£XC.Lusive-3zi Opwrationk5. it ib1 sLioVw in tis paper tLaut tair new

duial-bcsls (255.;u3) Bs--cncocier cia De rcalizea redcaly on is singjle

* VLSI chip~ wita NLE0S tecanology.

g. FRAME SYNCHRONIZATION

-R.&. Sch o.tz, Okraaee synchruaization Techuiquo. , j
Trans. on CoMUicatin, pp. 1204-I11, AUg. 19ao. (40
copies sent w..Lth prior report)

a basic theory ol, trasm syncnuuflizatioua zor iA sing ie-chan el digatdl

* ccmmuniciation system is presented, alonig with extensive reaterences to

the 1±terdture. The des.Lga ot frde sarkers is discussed and

cuaparisons are-drawn wita sore exotic tecaniques such as comma-ree

coding

S .A. Scboltz, "frame Synchronizatiou Concepts", hationai
Radio Science Meeting, boulder, Colord~o, January 12-1b,
1981. (Abstract only, same as above.) (I copy sent witi
prior report)

*Ag** 3p$.**6**S*

-V.K.M. Wei, and JR.&. Scholtz, "Uri the Chcracterizatiou of
Statistically Syucaronizable LOtWS", Itet Traits. on

* om4to&-geS&. mov. 1VbO. j.lu copits warit with prior
report)

* The cuAsa of aLl i.Lxeu-iLeI&th statistically tqtichrunizao.Le cuaes mcky
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be coaipletely churtscter..zeu iii s~everal ways. A simple cc.aIcLtiuu for

determinhing statistical synctrnizaDilty is atonstrated.

L. SPREAD SPECTROU SIGNAL DESIGN

5-aone, J.D., bcholtZ, R.A., and Welch, L.-., "Bent-Functioa
SOquencVS"v Accepted tor puZ.ication in 1 tras on
n normation TheOy, "ecember 196z. (1 revised copy enclosed

M with this report)

In this paper we construct a new fabily ot nonlinear binary signal

sets which achieve belchts lower bound on simultaneous cross-

correlation and autocorre~ation magnitudes.

Given a parameter, a wita n=U iuo 4) the period of the sequences is

P -10 the number of sequences in the set is 2 r 2 ann the cross/auto

correlation tfnction has three value4 with mcgnitues -2- *. rho

equivalent linear span ct the codes is upper Dounded by
1.=U i

Tnese new signal.sets have tue same size and correlation properties as

* the skall set of ,asami codes, wt they have important advantages for

use in spread spectrum multiple access communication systems. First

the sequences are "balanced" which represents only a slight advantage.

second, the secuence generators are easy to rando3ly initialize into

any assigued code and hence can be rapidly "hopped" from sequence to

sequence for code division multiple access operation. fost

importantly, the codes are nonlinear ir. that the order of the linear

difterence equation satistlea ny tae sequence can be orders of

maguitude larger traii the numaer ot meaory e.Lements in the generator

tuat pruduced it. fis nigh equivalent linear -pdn assures taat tne

!.
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code sequence canuot be reai.Ly ,anal.ied by 4 sopni~sitxcted enemy and

thea used to aeutraA:Lze the advaLtages ot the spread spwctrum

processing.

-R.&. SchkP.Ltz, %ptimi&. CDII& Code.sW, fidt3LOU
'elecommniato.s ...tkord, Waamhngrtun, D.C., NoveMDer
1979, pp. 54.2.1-4,. (j0 reprinLs seat vita prxor report)

This paper surveys several knun sequence sets which any De used as

pread spectrum codes in code-division multiple-access communication

systems. All of the designs babically achieve VechsO lower bound on

the maximUm value of periodic cross-correltion between signals and

are optemal in thi6 -ense.

- Scholtz, R.A., Kumar, P., and Welch, L.R., *A
Generdalization of Bent PunciLous", 1982 Internat.Lonal
Symposium on intormation Taeory, Les Arcs, Frnce. (abstract
only) (1 copy sent wLth prior report)

In this paper, Rothaus' detinition ot a beat function is extended to

include a much larger class of tunctjons as tollows: Let 3q denote
q

the set of k-tupies with eiements drawn ±rom the set of integers aod

g, and let w be a q root ot unit tor &rbitrary integral g. Then, a

fUnct iou f (x) froms . to 1 is defined to be bent if the Fourierfucin x fo q q

ccetricients of %f(x) all have unit aagnituae. A large class of such

aent functxons ia exhimited and their pruperties examined.

-- Kuaar, P.V., and Schwtz, B.A., "bounab on the Linear span
ot beat Sequences", submittet to the t Transctious_
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_ ecoutly. f isen, Scault- ,ana helch. 1.resentea am.lie- ot .bi4ry

s equences caf.Led beDnt-fUhCtioi sequencs which are yeberatea thrugh

uonliuear operatiuns oil .-sequence. These ra ies of sequences

possess dsympto- t.Lca.Llj optimum correLatio properties anu large

equivalent lined span jtLS). In thibs paper, upper canid oiwer Dounds

to the XLS of Dent-unction sequeces exe derived. The upper bound

improves upon Reybs upper Doun and tue lower bound obtained trhough;"n (n n/4

construction, exce as where n is the length or the shi.at
[. n/i.

reyi.ter yenera tlng the m--sueIuce AL ixteresLiny genraA rewult

contained in the atCivation is the exnabicion of a class ot nonhi.secr

bequences having irge h".

-P.V. Kuadr, L.A. bchoitz, and L.. Welch, "Generaiized Bent
Puactiors and Their Propertet. , subaitted to the Journal o1
Cod.bindtor3al 1The_. (I preprint encAosed vita tais report)

Let J denote the set ot m-tuples over the inteyers soaulo q and set L
2 w

*/-, v = e o As an extension o Hotklaus* nutlon o± a bent

tunction, a function t, f : 3M-*. 1 is caiea bent if ali the Pourier
q q

coefficients of w nave unit magnitude. An interesting result saows

that it is iawa-eriaL as to which particular complex, primitive,

q root w, of unity is used in detining a bent tunction. The nature

of the Fourier coefficients oi a beut functioL is examinea " a proot

for.ta non-existence at bent tunctio s over J m odd, J=l(Aot 4),

given. For evexy othtw puszibLe va~iut (t ana a, co structions ot



bsiht functi~bns aie proviae1.

No. SPREAD SPECTRUM COfldUSICATIONS HiISTORY

-Scholrz, A A"The Oriyinzi of spread Spectrum
Cosmunicaticn6", :L.z TVraus. on Coaluliicdtions, M CLq 1902,
pp. d~k--54. (20 reprints :bent ott prior report)

This monograph review events, circa 19zO-1960, leadiig to tae

development ot zspread-spectruia cuiiuicatiuza systems. The WdYid,

q hush-Uip, bLADES, FtsC-A/Rake, COUjkC, and AiIC-50 systems are featured,

CLI~Oig With d aebcription of the prior art iu secuire co~aunict-Las,

and ifLroductioujs to oteL: earl'&y spread-spectrum communication

* efrorts. fieferezaces to the civ~ila~ie L.Lerature iroak tais period are

included.

N. SENSOR ARRAY PROC§SSING

* - Eisendazrt, B.S. and Scaoltz, it.A., "Coupled Phase-Tracking
Loop:i for Retrodirective Array Systems," Proceed iijq§s ot t
AMational Telecozmmunications Contereice, I±~et, Deceue lial,

*pp.. D4.a..1-U4.'4.7. (20 cupieu seir with prior report)

* A method of coupling phast-l1oCked locps in tne element receivers of 4

cetrodirective array is developed. Uiider certa.La linearizing

I assumptions it is --&own that tracking-locp periormdnce is coaparable

to that achievea by a single trackling-loop operatiug on the output or

an ideal paaswQ array antenna system.

0.APROIATIO O SYSTEMS AND SIGNALS

-L. Pwrnebo acnu L-d. SiL.verman, '66axaced ::ystems andi Model
Reductiun," Prc CoaAjj&_~ t. on iuecisiorn and Control,

6Dec. 1s-I'4, Ivpq, bo!)-bO7. (io ALubtract.) (40 c- Oies
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sent with prior repurt)

- t. retayeb, L.3. Sliverman, and M. G. WI.onov, "Optimal.
Approximatiou ox Continuous TiMe," Proc. IkE - Conterence o
Decision and Control, Dec. 1VbU, pp. 9g-19d. (O0 copie;
sent with prior report)

In 1 1], the probles of optieally approximating a discrete-tiae system

by a lower-order system was svlved based on a reaarkaDie theoretica.

result ot Adam3au, Arov dna freia n I. In this paper, we derive

similar reduced modeis faor con LInut-tLMe systeaS USIng a new

approach bdsed on the Eystem structure ot the tiaite dimensional

model. Concrete aigorithsas are deve.Loped ror tinding approximations

of any specitied order. TheSe approxiwatLons are optiwdl in a well

defined sense.

- S. Snokoohi, L.S. Silverman, and P. Van DooLen, "Stability
of Balanced Tke-Va iable Systea Approximations," Proc. ot
the IEL-E Contereace or, Decisioa an Control, Dec. 1980, pp.
500-503. (30 COP.,eS sent with prior report)

A uniformly balanced realization for time-varying systems is defined.

Such a framework nas many remarkable propertie6 and leads to a natural

setting for pertorming moaei reduction. It turnms out that in maay

cases a LedUced model preserves the properties o the original model.

In this paper srub.lity of tne reduced systes is fully explored.
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-5. Shokoohi, L..1. Silverman, and P. Van Dooren, "stadie
Approximationu of Time-Variable byscEems", Pr of the IAC
International FecieLation on A_utoatic con rul, 19d1, pp.
9b-103. (20 copies sent w&th prior report)

C The authors previous-ly introduced the notion ol a *uniformly Dalancedn

realization for time-variable systems. This representation is

characterized bj the fact that its control lapility and oDservabiiity

grammians are equal and diago-ai.& Suca a framework hds many

remarkable properties and leads to a setting where the subsysteis can

be taken as reduced model for tibe-vriable systems. It xurns out

that once the stability of a s uD~yS-tem is guaranteed, thtn the

subsystem preserves uauy of the properties of the origincil system. In

this paper the stalility of suwsystess is tui.Ly expLored.

- S. bhokoohi and L.fM. Silverman, 61odei eduction of Discrete
Time-Variable Systems Via balancing", PrOo of the 20ta IteZ
Conf.. oDcio_!aVjd Control, 1981, pp. 118-122. (20 ccpies
sent vita priur report)

Linear, discrete, time-variable systems are considered and an

important class of uniform realizations is defined. the necessary and

sufficieDt conditions for a pulse response to be uniformly realizable

is obtained. Two •model reduction schemes, one via balancing and the

other vi& hankel matrix are proposed. It is shown that the two

approaches yield an identical reduced model which is always

asymptotically stable.
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-k.A. Jonckneere, ft.G. 6atouv, and L.H. Silve~mau, "Topology
Induced by tne hdtikel-urm in the bpace of Trausfe-
Matrices", Pr.c. ot the uth i.-,-: Cont. on Decision and
Control, 19bi, pp. 110-le. (.U copie% sent with prior
report)

It is shown that t.e Hankel norm induces a topology in the space ot

transfer mwtrics which is too weak in genetal for studying stanility

of feeduack systems.

- B. Lasngari and L.H. Silverman, "Approximdtion of 2-D Weakly
Causal Filters", 11tt- Trans. on Circuits adSystem-;, Vol.
CA-29, July 19d2, pp. 4d.'-486. Lt20eprinris sent with tais
repurt)

A technique tor approximating 2-D weakly causai filters by recursive

ones is presentea which aIso iucludes the deaign o aousymmetric

half-plane (SkiP) filters. An example is given to illustrate tae

proposed technique.

-S. Shoxoohi, L.M. Silverman and P. Van Doureu, "Linear
Tiae-Vatiable Systems: Balancing and Model seduction", to
appear in _a on uCotro. (1 preprint
sent with this report)

A "unitormly Dlancedm realization for linear tiae-variable systems is

defined. This representation is characterized by the fact that its

controllability auc woservability gramamans are equal and diagoual.

kxzsteuce arn uniquenwas of the uniformly blanced realization is

studied. Sucn 4 frdmewoLK has many re.arkdbie properties and leas to

a zov"! seLhod for appLkximatLhy tise-variabie systems, waere tae



su~y.itabof th - Dai±uceu reuiaiain cd& Da taken as a reducac

mod1el. laec educft-i aouial is examuk&ed troa the po.Lant oi view ot

stabilit1 , ccntrcL.aDi.3 Lf aiud oDstervdIvi.lity.

b i. Laa.hgari alhd L.i1. Si.veraaza. "Cascaue iieaiziation Ot 2-D
Separable iu ioiaowiaator Filters", to appear "n Circuits,
Sytm~kuSb roes.Lj~. (1 preprint anciose with
this report)

After selecting the iwst suitaule azodej. for the cl~assi of

two-dimensional qurter-plau.--causal, recurj.ve, and separdble in

di~o.iUator (CAISL) fzirers, aprocedure for realiz~ing a cascade :aystea

ot suca filters is aievdlopec1. True realzation utilizes tane indiviau&1.

CHSD Modeis coLIStItUting tne caSCaUe .415tew. An e~aapie is given to

furtuer illustrate tne tecnnique.

Pe CDEACKSNG OF SPRED SPECTRUE WVEFORNS

-A. Polydoros, and C.L. Weber, "On tae .Analysis and
optimizationA or Correlative Codie Trackiag Loops". 12,

*Trans. an Coma~nications. (Accepted tor publication) (1
preprint sent with thiLs report)

The -purpose o± tais pdaper i.-, to apply the resaewal theory approacm for

* analyzing aperiouic finite Z-curve code-traciuqn loops developed by

Ileyr [81 to tao cdse of a 'nonconerenz arbitrary ottset early/laLe

delay-locked-loup ("noncohereat d-DLL"). Itte e~Act (renewal) approach

* is compared witn taw approximmte iperiodic extension) approaca of

using ttue perioaic S-curve or phca~e-locki~a-loop theory, ,.s we.LI as

wita tne linear tusory devwioped raersin to&; tne utorementioned
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cod-tLaccing loop. k-i.A.11y, loop uptiizaLion with respect to the

oLfset d is caLrled out accorouxay to pertoracuce critexia discu5seu in

the Introduction. whe LeuL% _,idicattw that, tor A.ow Stan, the exact

and approximate theuraes could devi ta ig h.LI.c1ly whble, for hiril

Shfi, all three theoriei yield ideagica . pertormance, as expected.

Furthermore, it is bhowu tnat the opt4.aad d for both low and high Sfa

ditfers fro& the commonly acceptud cao;-ce d /.

oTACKING OF DIGITALLY BODULAT§2 SIGNILS

- C.L. WeDer and W. Alem, "Damod-keod Cvhegeat "Tracking
* Ikecdiwer for VP.-iA an bQEbK, I .ht tras. ou Comicu~j&tioZus.

Vol. COd-;4, 0o. 1Z, pp. 1945-19-4, £ec. 19bU. (pI copies
sent witn prior ceput)

A demod-rehod coereut tracKisi loop for QPSK dnd SQPSK is describeo

and ab, Lyzed. This type receiver is attractive since all of the

available- sigadl power is despread and used to generate the trac~i-g

error signal when the puiseu reaching the nonlinearities are

rectangular. 'he same ueaod-eaiod circuit is widely used for

bandlimjted pulses, for which less than full power is converted to the

carrier phase error sigqal.

All systea parameters pertinent to system perforkance are enumerated.

The effects of the IF and arm filters on the statistics or the noise

are determined. With respect to the signal, the filters are

o considered ony insofar as they reduce tue delivered signal power. It

is Aemonstrated bow a tracking phae errur converts so&e ot the sgiqud

power iuto additional uoise powor. Tae results or performiuce

coMputatQon are preseuted.
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- C.L. WeDe1; and w.k. Ales, "Pertormance Analysis or
Dao d-Reaod Cothwreut suceiver for QPM and bQPSK Input",
Ijk- Trans. on cgugunication, Voi. Con-2d, No. 8, pp.
1954-196S, Deceumor 1OW. (,( copies sent witd prior
revort)

A demod-re&W coherent tracking loop for QCSK and SQPES is described

ana analyzed in [1j. Those results are used to obtain the power

spectral density of the equivalent no.se ot the tracking loop and the

probability density function or the steady state phase error. The

eftects of the IY and arm filters on the stti-ztcs or the noise and

QPSK signal are Oevelopeo. The results of perzor aace computations
A

are presented.

#,.PEIOR Bk NCB OF &sRD SPZCTRUo SYSTERS IN
.ULTIPLE ACCESS ENVIROMBENT

-C.L. Weber and G.K. Huth, "Performance Consaderations of
Code Division aultiple-Access Systems". jE___ Trans. on
Vehicular iechnology, Feb. 1981. (20 reprints sent with
prior report)

The performance Qt code division multiple-access jCD*IA) systems is

determineu using dlirect-eequeuce spectral spreading. Asynchronous

users are assumed so that there is no network control. Under

relatively ideal conditions, the degradation in system performance as

a lunction of this iiumDer or users is snown to nave A tnrernold effect.

The basic limitation in the number of users ut the system is ±urther

limitec if tne Fowers .re unequal. Fo9 two USeLs, system pet±Lo&MaCe

1
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as a Zuuction ot ts-elr 1,over Lrtiob -1lo nas a tresnold effect.

System pGorformaz.ce ds u tiu.actio o the aourt of spectrl spreaaLug

ia determined. Tne perrormance uf Dot- coced -and uncoded systeas is

predicted.

-C. . Weber and G.K. buth, mPerformancti Consideratcous of
Frequency Eopping Multiple Access", Proc. o the HationaA.
Telecommunications Con.erence, pp. 6o4.1-o9.4.b, houstou,
T xas, Dec. 1i8U. (30 copies stnt with prior report)

Tue basic systtm parameters oi a zeque-Ucy-hopping multpie-accWsS

system are iuvestiated. Noi-cohereut Dinary FSK and fi-ary FSK signa±

formats are studieu in & ranacia-uccess 4synctromous envirunmeuc. both

slow and fast frequeucy hoppiny are coissidirea.

Under relatively ideal conditios, tne degradation in performance with

respect to the number of users iu determined. The dependence on

performance due to hopping rate and bandwidth constraint is developed.

It is shown, for example, that, for fast hopping, the optimum hopping

rate is that wnich spreads the users6 power over the entire available

bandwidth during each baud time. This agrees with the D.baiC spread

spectrum pn2losopLy o± making the signai appear white over a wide a

bandwidth as possible.

The computational results describe tae trade-ott between tae numner ot

tones in 1-ary rSK and the .Uabwr o± hops per symbol. Given A

specified number ot tones in taw trejuency-nopping system, tae reults

describe the manneri in which the system uegrades a the uumoer of users



is increased.

- C.L. WeDer, G.K. Huth and D.. batson, 'Performance of
Code-Division multiple-Access Systems " Record of thle

:g.natigjkj,_ Con-ere.e o.Coaunications, Seattie,
¥Ashingtoa, June IVUU, pp. 5 -4 copi.eS sent
with prior report)

The performance of code division aultiple-access (CDdA) systda is

determined usingj direct iequenc* spectral spreading. Under relativeLy

i ideal conditions, the degraddtion in system performance as a fuuction

of the numner ot users is shown LO have a threshold etfect. This

basic lisitation in the number of uiers of the system is further

limited, if the powers are unegual. for two uaors, system performance

as a function of their power ratio also has a threshold effect.

System performance as a function of the amount of spectral spreading

is determined. The performance of both coded and uncodea systems is

- predicted.

j...AMOISIZIOM Or SPRflD SPECTRUMS WAjEFORMS

- D.K. DiCarlo aid C.L. Weber, "Statistical Performance of
Single DuelL berial Synchronization Systems*, POo fTC 879,
ashington, D.C., Nov. 2b-29, 1979 pp. 24.2.;1-5. (30

copies sent Vith prior report)

Tne pronability of successful syncaronization for a single dwell

serial synchronization system is derived. This probability is a

tunctiun of the number of cells searched an4 is expressed in tems of

. the fo.iving four paraa.etera: the aweLl per cell, the detection and

false alarm probabilitiw6 aud the penalty time for a falst alice.



bumeric~ai results ,,x ~iL abwiteu to show the Le.L tioship Detweea rnes

p~azr.eters and sy~te, peciormauce.

- C.L. Weber and D.fB. DiCar o, maultiple Dwell Serial
Syncarooization o iseudonuise Signals", Proctaiings otfthl
I~ernati2_~l Cowaunicdtions Cotteqnpe, r4Sx, Juae "971,
pp...I1-5. (Z4 copis skont with priu r report)

& generalized multiple dwell serial search technique su.Ltable =or

coarse synchronization of pseudonoise siynal. is described. The

ddvantage o± the multiple owell proceaULe .Lb that the eXaMlbatj.oa

period nwed not Di Lixed, thus, incorrect alignaents can DO quickiy

discaroeo resulting in a shocter synchronization time than is possxbie

with a fixed dwell time aystem.

._ Theoretical- coherent detector chacactvristics ace theu used to

investigate the pertureance oz the multiple dwell serial

synchronization technique tor pseudonoise signals. It is snown taat

the multiple dwell technique can reauce the mean synchronizatiou tme

and standard deviation by a tactur of taree trom tat obtaiae wit a

dwell system. It is also obsrve6 that the elfacts of a penalty time

for a system false alarm can also be nearly eliminated by using tue

multiple dwell techniqae.

C.L. Weber &and D. DiCarlo, "Statistical Performance ot
Single Dwell Lerial Synchronization SysteasO, Ik;8 "."rang._oa

jdjj JL, VoL. COn-o, No. 8, pp. liJ.-1jdb' Lug.
19Mo. (o0 COpieA hent with prIor report)
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Single dweli serial u -ercu tecaniquos &re usetul fuc coarsu ti&e a

* frequeucy syzichrw zitiwis ot spreae. siectrus aiystenis. &va~abLu

system pertorbance crteric, naiweiy tue po'baoility ot successrul

syncnron.Lztiou Lor a siugLe dwel serial ayncrcohization system i&

derived. The probability is 4 tunction ot the number ot culls

searched aua is expressed in tecms uf the toUolving four parameters:

the dwell per cell, tue detection dnd false dla-m probakilitius and

the penalty time for a false alarm. Numerical results arv presenta

to snow the reltaxonsaip between these parameters and systea

pertormance.

- D.c. DiCarlo and C.L. keber, m8ultiple Dwell Serial
Acquisition of Direct Sequence Cooe Signals, IEE Trans on

* Comuniati.ea, (Accepten for publication). tI prepriat
- sent with prior report)

The technique of multiple dwell seial search is described aud

analyzed. The advantage of tne multiple dwell .procedure is tnat tne

examination interval need not be fixea, allowing incorrect cello to oe

quickly discarded, which in turn results in a snorter search time than

is possible with a fixed dwell time procedure. Tnis type of search

schame is particularly uselul for direct sequence code acquisition in

a spread spectrum communication system.

An expiessio2 tor the generating tunction iu obtainea from at ow

graph representat.Lon ut the multiple dvwl technique. The generatLag

functica i% used to develop expressions ior tne mean ad variance ot

the seach tie La terms ot the tollowing prameters: the dwell



6;e

time the oetectiua probability, the tl-se Llcrr pruro.ility, aa4 the

talse alarm penalty tile. Couerent detector characteristics are then

used to investigate the portoraance of the aultiple dwell tecanu.4ue

for direct sequence code acquisition. It is shown that the auLtiple

dwell procedure cau significdntly reduce the expected acquisition time

from that obtained with a single dwell system.

- A. Polydoros and C.L. Reber, "Rapid Acquisaition Techniques
tor virect-Soqueuce Spreau Spectrum Systems Using an Analog
DexectorO, Procedings of the zationai 'Teleco munications
Coterence, US., Deceaber 19al, pp. A7.1.--b. (sO copies
sent earLier

A rapia acquisition scheme for uirect-Sequeuce Spread spectrum systems

IDS/bb) is described, whereby the rate of the "out-of-sync" decisions

* - is an integer multiple ot the code chip rate. The aouisition

philosophy is briefly outlined and the overall scheme, employing an

ideal (an&Log) detector, is analyzed with emphasis on the acquisition

tine statistics. Besalts show a strong dependence ot performance on

threshold settings &nd existing signal-to-noise ratio (SMR).

-C*L. Wooer and A. Polydoros, O orst ease Considerations for
Direct Sequence PH Acquisition", 1;, f _.laa
Tesom manications Contgrnce, pp. 24.o.1-5, Bouston, Texas,
Dec. 190. (30 copies sent with prior report)

* -borst-case detection conditions or conerent serial acquisition ot PM

: se-uenues bre iueteLm . signal-cu-uoise ratios (Slh) which are

typica± in th 6pread spectrum enviraaawatu are considered. It is

T - - - - - - - - - - - - -~- ...- - . ~ S
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snown tnat the woxst-C41st cc.rreiatiou positions aiae depenaeuwzt on Only

tne correldtor step size, but tese positions are very sensitive to

SMM. At very ob 5mi (-3U ab). detct n peioraince is e~sent ally

independent or corLel-Atiun position whereas, at higher Sho (-20 dB),

performance is very sensitive to correlator #osition. Aoth

full-period dnd parti.i--.eriod correlations are cousidered.

-A. Polyaoros and C.L. Weier, *A lnited Approdch to Serial
Searca Acquisition or Direct bequence Seread Spectrum

*Systems", t& Trans--o go~t"Ldt3-y. (Acceptaa for
publication) (1 pxc-print ient with prior relport)

The purpose ot thi. paper is threetula: tirst to give an overview or

the acquisition concept in spread spectrum systems by classifyint the

* main features at the current.y available techu-iques and ny empaasizing

the proper bedaures or overall systes performance. Second, to provide

a general framework for predictlng the acquisition performance at

systems with fi ed dwell times. -JhAs iA doae by ext eding tbe

previously suggested E2] approaca t xlow-grapa tecaniques.

The statistics ot auquisiticn time for the single dwell E2-3] and

N-Dwell [5J examples are shown to be special cases of tais unifled

* approach to acquisiti~on..

Finally, the general theory is ajplied to an example o. a

* ±ast-decxsaoi.-4Lt (matched t.Iter) uoncoheren acquisition receiver

structure in a direCt seguece spreiding systea. AZaek results

illustrate the draaatic dependence of Ln aea,. acquisition tae on
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system parameterh.

T. BINARY SRQUENCS VITH BORE ADTOCORREBLATIO_ VALUES

- ang Ke and L.R. Welcr, "bindry bequences with No-Positive
Autocorrelation Valuesw, hcta tiectroij,£s -iniia, vo. 10,
October 19b2, PeopleOs hepublic or China. (1 preprint
euaclosed with this report)

Bauaert developed tne theory of binary sequences with the property of

transorthogonality and orthogonality for cyclic shifts. turyn

investigated the existence of binary sequences with smdll

autocorreiation vaues in terms ot amn mdA a i whwre a is the

3 3
periodic correlatiun anQ the miniazation is over binary sequence of

fixed length. In this paper we restrict the invetigation to cyclic

correlatiun and drop the absolute value sign in the minaax expression.

Tnere are a number of channels in which large aagnitude negative

correlations are not objectionable. (Signal design for a laser

channel where the initial aetector is an energy pulse detector can Ue

toraulated into the present context.j

In this study aany binary sequences were round with autocorrelau-on

properties in betwwen transorthogonality and ortnogonality. The most

interesting sequences were those we named lln-ang sequences whose out

of phase correlations are zero except tor T equals to one halt the

period when the value s negative. Within this class, an iatinLte

family is constructed.

An exhaustive list of binary sequences with non-pozitive out-o--phase

autocorr iation tor lergias i4,O,Ilb,k0,24412b,32,3b,40 was obtained
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£Dy cumputer sea-ch and pLesented at the ena otf this Viper.

D. SPECTRAL SHAPING BY REDUNDANCY

-K.-C. Liu, #Generai Method ror Computing tne Spectrum tor
Markov Chains where Wavetorms are Prozaoilistic Functions o
State Tranbitions), Pnu. Dissertation, Department of
ElectricaL Engineering, University of Southern Calitornia,
June 1981. (1 copy sent with prior report)

in the design of digital communication systeas, tha analysis of signal

spectra plays a very important role. This stuoy is concerned with a

digital system in which time is divided into iatervals and in each

* Interval a wcveturm associate.1 wit. a message symbol is transmitted.

The problems in our discussion are the selecto& or waveforms ana

message redundan1cLes for reliable reception in a auisy channel and the

selection of messaye and waveiora structures so that they do not

interfere vita a secondary use of the signal Such as establisaing

frequency and phase synchrony.

In this paper we will analyze several metauds of inserting redundancy

to minimize the spectral energy near zero trequency. When the

resulting signal is modulated onto A carrier, the resulting signal

will then have minimal interference on phase-lock-loop circuits which

estanlish carrieL pnase coherence. The primary mathematical tool for

this analysis will ze the Markov processes with a finite nuamnr of

states and constant transition probadilities. Tuere are many problems

for which the state spdce is very large ana it is impractical to carry

out ', direct evaluation using tue traditional met&ods. In this study

we develop d practic. method for computing a spectcum of Markvv

*1.
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chdins where wavetorms are proLaziiistic functions of state

transitions. U 6i ng this ietnod, tue caiculatioai procedures are

q greatly simpltied for probiem6 that once were considered ds difficult

tasks.

V. COMBINATORIAL SEARCHES FOR GOOD CODES

- Generation of Linear #lock Codes Dy Conmbinatorial
Algorithm * w " .D. Dissertation, Ieparthent of Llectrical
kngleeriug, University of Soutnern Calafornia, August 19O.
(I copy suDmitted vita earlier report)

This dissertation exazines a cobbinatoar.iLl existence probiem in coding

theory which, on tue face of it, is impractical to solve by computer

search. And it develops ideas and techniques to bring the pro;Aea

within the ot practicality and at the same time find good

error--corecting group codes in a sense that the codes exceed the

' Va snarmov-Gilbert lower bound in binary symmetric channei wita r

check bits and a minimum distance d among codewords.



FILMED

1 83

DTIC


